Maize Opaque-2 (ZmO2), a bZip class transcription factor has been shown to activate the transcription of a series of genes expressed in the maturation phase of endosperm development. Activation requires the presence of one or more enhancer binding sites, which confer the propensity for activation by ZmO2 on heterologous promoters and in heterologous plant cell types, such as tobacco mesophyll protoplasts. The region of ZmO2 required for conferring transcriptional activation has been localised to a stretch of acidic residues in the N-terminal portion of the ZmO2 sequence, which is conserved between O2-related bZip factor sequences. Previously we identified the maize homologues of yeast transcriptional co-activators GCN5 and ADA2 that are implicated in nucleosome modification and transcription. In the present study we have shown that transcriptional modulation by ZmO2 involves the intranuclear interaction of ZmO2 with ZmADA2 and ZmGCN5. Fo¨rster resonance energy transfer (FRET) based techniques have enabled us to estimate the intracellular site of these intermolecular interactions. As a functional readout of these intranuclear interactions, we used the ZmO2 responsive maize b-32 promoter to drive the b-glucuronidase (GUS) in the presence and absence of ZmGCN5 and ZmADA2. Our results suggest that the likely recruitment of ZmADA2 and ZmGCN5 modulates the transactivation of b-32 promoter by ZmO2 and that there may be a competition between ZmGCN5 and ZmO2 for binding to the amino-terminal of ZmADA2. The results may be taken as a paradigm for other processes of transcriptional modulation in planta involving acidic activation domains.
Introduction
The eukaryotic transcription initiation machinery, consisting of RNA polymerase II and other additional components is recruited to the promoters of target genes by transcriptional enhancers or activators (Holstege et al., 1998) . Specific activator proteins bind at one or more locations upstream of the TATA sequence (Guarente et al., 1982; Drysdale et al., 1995) . Activators can interact directly with one of the basic transcription factors (Lin et al., 1991; Geisberg et al., 1994) . However there are indications that they interact with basic factors through co-activators (Drysdale et al., 1995) . These co-activators may also modify nucleosomes to facilitate access by the transcription machinery. Yeast GCN4, a bZip type transcriptional activator, has been shown to interact with the GCN5-ADA2 co-activator complex implicated in nucleosome modification (Barlev et al., 1995) . GCN4 binds to DNA as a homodimer and activates genes encoding amino acid biosynthesis enzymes in Saccharomyces cerevisiae L. (Hope and Struhl, 1987; Landshulz et al., 1988) . The activator domain of GCN4 resides in a stretch of acidic amino acids located roughly in the centre of the protein while the N-terminal region serves as a sequence-specific DNA binding domain (Hope and Struhl, 1986; Hope et al., 1988) .
Yeast GCN5 is a histone acetyltransferase (HAT), which acetylates the specific lysine residues within the N-terminal tails of the core histones in nucleosomes (Brownell et al., 1996) . This reduces the strength of the histone-DNA interaction, and the DNA becomes accessible to transcription machinery, resulting in increased levels of transcription of specific gene products (Kuo et al., 1998; Wang et al., 1998) . The domains identified within GCN5 include a C-terminal bromo-domain (Tamkun et al., 1992) , which interacts with the histone N-termini (Ornaghi et al., 1999) , a central domain responsible for interaction with adaptor protein Ada2 (Alteration/Deficiency in activation), and an N-terminal HAT-domain.
While recombinant GCN5 is able to acetylate free histones, the ability to acetylate nucleosomes is acquired only when the protein is present in multi-component complexes (Sterner and Berger, 2000) . Yeast GCN5 has been shown to be a component of at least two distinct multi-protein complexes viz. Ada and SAGA, that possess intrinsic HAT activity due to its presence (Grant et al., 1997; Pollard and Peterson, 1997; Grant et al., 1998) . The adapter protein ADA2, also present in these complexes, contains several domains. The most N-terminal region includes a cysteine-rich zinc binding domain (comprising of two zinc fingers with six conserved cysteine and two flanking histidine residues). This region is capable of binding to both GCN5 and the transcriptional activation domain of VP16 (Barlev et al., 1995; Candau et al., 1996) . ADA2 can also directly interact with bZip type transcriptional activators like yeast GCN4 to modulate transcription of specific genes (Silverman et al., 1994; Barlev et al., 1995) and is thus thought to furnish a link between the upstream activating sequences and the transcription machinery (Barlev et al., 1995) . These findings have been established in yeast and little is known about transcriptional activation in higher eukaryotes.
A large number of transcriptional activators of divergent sequence classes have been identified from plants. One of the best characterised is maize Opaque-2 (ZmO2), a bZip type transcriptional activator expressed during late endosperm development (Gallusci et al., 1994) . ZmO2 is involved in the regulation of seed storage protein synthesis, modulating the transcription of 22 kDa zein genes, the b-32 albumin gene and a series of genes encoding more minor proteins playing various cellular roles (Kodrzycki et al., 1989; Schmidt et al., 1990; Lohmer et al., 1991) . A number of distinct functional domains have been identified within the ZmO2 protein. These include a basic region followed by a leucine zipper responsible for DNA-binding and dimerization (Hartings et al., 1989; Aukerman et al., 1991) and an N-terminally located acidic activation domain responsible for transcriptional activation (Schmitz et al., 1997) . Previous studies have shown that ZmO2 transactivates a target promoter fused to different reporters in heterologous cell types such as tobacco protoplasts (Lohmer et al., 1991) and this transient expression system was extensively used to characterise the activation domain in the ZmO2 protein (Schmitz et al., 1997) .
Our past work identified putative transcriptional co-activators, GCN5 and ADA2, from maize. ZmGCN5 is expressed throughout the plant with greatest abundance in tissues containing a high proportion of rapidly dividing cells such as young shoots and endosperm (Bhat et al., 2003) while as ZmADA2 is expressed in all tissues and at all stages of development examined (Riehl et al., 2002; Riehl et al., manuscript in preparation) . GST spin-down experiments showed that ZmGCN5 interacts with ZmADA2. Homology searches between ZmGCN5 and other known HAT proteins identified a 112AA central domain putatively responsible for this interaction. However no interaction could be observed between ZmADA2 and ZmO2 in vitro using GST spindown experiments (Bhat et al., 2003) . In view of the fact that ADA2 is part of multi-protein complexes in yeast (Grant et al., 1997) , it is quite possible that this interaction requires a stable coactivator complex and thus may require the presence of additional components. This is supported by the observation that by co-immunoprecipitation, in the presence of nuclear extracts, a specific association between ZmO2 and ZmADA2 could be detected (Bhat et al., 2003) . However, using this approach, it could not be ascertained whether the interaction observed between ZmADA2 and ZmO2 is direct or indirect.
In order to define their role in the cellular context, direct protein-protein interactions were tested between ZmGCN5, ZmADA2 and ZmO2 using Fo¨rster resonance energy transfer (FRET) as a detection method.
FRET is a dipole-dipole resonance interaction between two molecules, separated by 1-10 nm, where one molecule, the ''donor'', transfers its excited state energy radiationless to the other molecule, the ''acceptor'', (Gadella et al., 1999; Kenworthy, 2001; Mergny and Maurizot, 2001) . FRET occurs when putative interacting proteins fused to donor and acceptor fluorescent dyes physically interact (Immink et al., 2002) . Fluorescence spectral imaging microscopy (SPIM), acceptor photobleaching (APB) and fluorescence lifetime imaging microscopy (FLIM) have been widely used for documenting FRET Wouters et al., 1998; Bastiaens and Squire 1999; Kenworthy and Edidin, 1999; Kenworthy et al., 2000; Mas et al., 2000; Shah et al., 2001 Shah et al., , 2002 Elangovan et al., 2002; Hanley et al., 2002; Immink et al., 2002; Karpova et al., 2003) .
We used the APB method to analyse the interactions between ZmGCN5 and ZmADA2 in planta. Finally we used the novel time-correlated single photon counting FLIM to confirm our observations. Our results demonstrate that ZmGCN5 interacts with ZmADA2 in planta and deletion of 112AA central domain from ZmGCN5 abolishes this interaction. Furthermore we show that maize transcriptional activator, ZmO2 interacts with ZmADA2 inside the nucleus. Our results also demonstrate that the transactivation of b-32 promoter by ZmO2 is influenced in the presence of the over-expressed co-activators ZmGCN5 and ZmADA2. These observations support the hypothesis that ZmO2 recruits the co-activators ZmGCN5 and ZmADA2 to modulate its activity at different promoters depending on the cellular and chromosomal context. (Figure 1 ). All the proteins under study contain putative or previously characterised nuclear localisation sequences (NLS). ZmGCN5 contains an NLS in the N-terminal region and deletion of this NLS renders the protein cytoplasmic (Bhat et al., 2003) while ZmADA2 contains four putative NLS spread across the whole polypeptide (Riehl et al., 2002; Riehl et al., manuscript in preparation) . ZmO2, on the other hand, contains two NLS, one near the N-terminal region (amino acids 101-135) and another in the basic region (amino acids 223-254; Varagona et al., 1991) . Protoplasts were co-transfected with constructs expressing: (a) ZmGCN5-CFP and ZmADA2- -CFP, ZmADA2-YFP; (c) ZmO2-CFP and ZmADA2-YFP fusion proteins and analysed by confocal laser scanning microscopy (CLSM) after incubation for 18-24 hours (Figure 2) . Figure 2A -D shows the co-localisation of ZmGCN5-CFP and ZmADA2-YFP. From the combined overlay images ( Figure 2D ) it is clear that the targeting and the localisation pattern of ZmGCN5 and ZmADA2 overlap inside the nucleus. In the case of mutant ZmGCN5
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-CFP and ZmADA2-YFP, again both proteins are correctly targeted into the nucleus ( Figure 2E and F). As the deleted version of ZmGCN5 should abolish any possible interaction with ZmADA2, this suggests that both proteins employ their own NLS sequences although the nuclear transport of ZmADA2 by association with endogenous ZmGCN5 cannot be ruled out.
An overlay image for ZmO2 and ZmADA2 ( Figure 2I -H) also shows considerable overlap inside the nucleus. For all the co-localisation combinations, no differences were obtained between CFP and YFP tagged fusion proteins.
FRET-APB studies on interaction between ZmGCN5, ZmADA2 and ZmO2
Although the co-localisations of the ZmGCN5, ZmADA2 and ZmO2 confirm their close proximity (>200 nm) and potential for interaction, this was expected as all of them contain NLS sequences. In order to directly study the physical interaction between them, the CFP and YFP fusion proteins were used as donor-acceptor pairs in FRET studies. FRET acceptor photobleaching was used as an initial method to confirm the molecular proximity between the putative interacting proteins. Donor fluorescence increases when the acceptor is photobleached in cells expressing putative interacting proteins fused to donor and acceptor (Karpova et al., 2003) . Protoplasts were co-transfected with ZmGCN5-CFP and ZmADA2-YFP. Images of a representative protoplast before and after bleaching are shown in Figure3A. With the bleaching of ZmADA2-YFP fluorophore, there was a sharp and sudden increase in the intensity of ZmGCN5-CFP ( Figure  3A and B, compare panels a and d in Figure 3A ). FRET efficiency, E F , and background FRET, B F , was calculated as described in materials and methods. E F values varied from position to position within the same nucleus and also from cell to cell. The E F values from one nucleus were pooled to get an average FRET value for one cell in question. Overall APB showed a positive trend and the FRET efficiency in different samples was between 7% and 38% (data not shown). FRET-APB experiments, on protoplasts co-expressing fluorescently tagged mutant ZmGCN5 4313-425 and ZmADA2, showed no appreciable change in CFP fluorescence after the APB (Figure 4 ). FRET-APB between fluorescently tagged ZmO2 and ZmADA2 showed a substantial increase in CFP fluorescence after bleaching the YFP and FRET efficiencies ranged from 8% to 25% (data not shown).
In order to get the overall picture for the physical interaction between ZmGCN5, ZmADA2 and ZmO2, mean FRET efficiencies were calculated for all the interactions tested ( Figure 4 ). Overall the FRET efficiency between ZmGCN5 and ZmADA2 is around 18.3 ± 6.86. This reduces to )1.45 ± 4.88 in case of FRET between mutant ZmGCN5 4313-425 and ZmADA2. The mean FRET efficiency between ZmADA2 and ZmO2 is 14.26±4.65. As a control we did APB in cells coexpressing CFP and YFP, without fusion to any other protein, and the mean random FRET Taken together, the above results show that the ZmADA2 physically interacts with ZmGCN5 and ZmO2 within the nucleus.
FRET-FLIM measurements on interaction between ZmGCN5, ZmADA2 and ZmO2
As a final confirmation of the interaction between ZmGCN5, ZmADA2 and ZmO2, spatially resolved FLIM measurements were done. FRET-FLIM is a method to study direct protein-protein interactions by monitoring the fluorescence lifetime of the donor (CFP) molecule. Upon interaction with an acceptor molecule, the donor fluorescence lifetime will decrease. The advantage of this approach is the independence on local fluorophore concentration with no spectral cross talk or photo-bleaching. Fluorescence lifetimes were determined using the Becker & Hickl SPC 830 module, which is based on the time-correlated single photon counting principle (TCSPC); Becker et al., 2003) . Different combinations of ZmGCN5, ZmADA2 and ZmO2 were transfected into cowpea protoplasts and the donor lifetimes (CFP) were determined as described in methods. Nuclei of protoplasts transfected with ZmAD-A2-CFP alone displayed a mono-exponential decay with an average fluorescence lifetime of 2.5 ns ( Figure 5B ). Fluorescence lifetime images of the protoplasts co-transfected with ZmADA2-CFP and ZmGCN5-YFP were analysed according to a bi-exponential fluorescence decay model, in which one component was fixed to the value of ZmAD-A2-CFP alone (2.5 ns). A significant reduction in the fluorescence lifetime of the donor (ZmADA2-CFP) from 2.5 to 1.9-2.0 ns indicates that both transcriptional co-activators interact (FRET efficiency 20%). The same results were obtained for the combination of ZmADA2-CFP and ZmO2-YFP, but the energy transfer efficiency was low, as revealed by fluorescence lifetimes of CFP longer than 2.0 ns in 50% protoplasts analysed (data not shown). These observations confirm the results obtained from APB experiments (see Figure 4) .
The spatial distribution of the fluorescence lifetimes of ZmADA2-CFP in combination with ZmGCN5-YFP is displayed in Figure 5D in pseudo-colours. The image represents the distribution of the fluorescence lifetime in pseudo-colour from blue (2.5 ns: no interaction) to light yellowish-green (1.9-2.0 ns: interaction). In the fluorescence intensity image ( Figure 5C ) the distribution of the ZmADA2-CFP + ZmGCN5-YFP is not equal throughout the nucleus, being stronger in the centre than at the borders. The fluorescence lifetime image ( Figure 5D ) gives an entirely different picture compared with the fluorescence intensity image. Around the borders, where CFP fluorescence intensity is less, a high incidence of energy transfer could be expected, but the pseudo-colour image for the fluorescence lifetime indicates hardly any interaction. On the contrary the bright fluorescence spot in the centre of the nucleus displays two populations of fluorescence lifetimes. One area (just above the nucleolus) reflects low or no interaction (blue pseudo-colour); while in area around the nucleolus the pseudo-colour indicates an interaction (yellowish-green area). Similar results were obtained when FLIM experiments were repeated on different nuclei. For control experiments we transfected ZmADA2-CFP alone ( Figure 5B ) or in combination with the deletion mutant ZmGCN5
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-YFP ( Figure 5E and F). These images were analysed as described for the interacting proteins (ZmADA2-CFP + ZmGCN5-YFP). For both transfections no interaction was observed. The distribution of the lifetime image is the same for the entire nucleus (blue, 2.5 ns) independent of the fluorescence intensity ( Figure 5B and 5F).
Transactivation of b-32 promoter by ZmO2 in the presence and absence of coactivators ZmGCN5 and ZmADA2
In order to put the above interactions into their biological context, we decided to take advantage of the transactivating property of ZmO2 on a previously identified target promoter, that of the b32 gene (Lohmer et al., 1991) . For this purpose, a transient expression system in tobacco mesophyll protoplasts was employed (Schmitz et al., 1997) . The b-32 promoter is highly responsive to expression in trans of ZmO2 protein in this assay and thus presented us with a very sensitive method to look at the behaviour of ZmO2 in the presence and absence of the coactivators ZmGCN5 and ZmADA2. ZmO2 in combination with ZmGCN5, deletion mutant ZmGCN5 4313-425 , or ZmADA2, all expressed from the CaMV 35S promoter, were used to test their ability to transactivate a reporter plasmid, consisting of b-32 promoter fused to b-glucuronidase (GUS), upon co-transfection. GUS activity was measured 17 h after co-transfection as described (Schmitz et al., 1997) . The results are shown in Figure 6 . Transfection of the reporter plasmid alone, or in combination with expression plasmid, (35S alone), resulted in weak basal level GUS activity. Addition of 35S-ZmGCN5 or 35S-ZmADA2 along with b-32-GUS did not change the GUS levels significantly above the background while cotransfection of b-32-Gus and 35S-ZmO2 stimulated the GUS activity strongly and significantly. Addition of expression plasmid or 35S-ZmADA2 along with b-32-GUS and 35S-ZmO2 did not change the GUS levels appreciably and they remained the same as the levels obtained by cotransfecting protoplasts with b-32-GUS and 35S-ZmO2. However, surprisingly, cotransfection of protoplasts with b-32-GUS and 35S-ZmO2 in the presence of 35S-ZmGCN5 alone or in combination with 35S-ZmADA2 led to a significant decrease in the measured GUS activity. This inhibitory effect of 35S-ZmGCN5 on the transactivation ability of ZmO2 was overcome when the deletion mutant of ZmGCN5 (viz. The experiments were repeated several times and the same results were obtained.
Discussion
Role of histone acetylation in transcriptional activation
Packaging of the DNA in a eukaryotic cell in the form of chromatin is a highly regulated process with a major influence on the levels of transcription of individual genes (Sterner and Berger, 2000) . Certain protein complexes can modify chromatin structure with resultant effects on gene expression (Graessle et al., 2001) . A well known mechanism by which chromatin structure can be altered is through the reversible acetylation of lysines within the amino-terminal tails of core histones (Ricci et al., 2002) . Enhanced gene expression has often been linked to increased acetylation of nucleosomes (Grunstein, 1997; Struhl, 1998) ; however there are reports where histone acetylation appears to remain unchanged upon gene activation (CraneRobinson et al., 1997; O'Neil and Turner, 1995) . Studies have also been reported where increased acetylation correlates with repression rather than activation (Bartsch et al., 1996; Montecino Figure 6 . Transactivation of b32-GUS by 35S-ZmO2 in the presence and absence of co-activators ZmGCN5 and ZmADA2. The reporter plasmid encoding the GUS gene driven by b-32 promoter was co-transfected into the tobacco protoplasts along with different combinations of 35S promoter driven ZmO2, ZmGCN5, ZmGCN5 , and ZmADA2. Addition of ZmGCN5 leads to reduction in the measured GUS activity while this inhibitory effect is not seen when the deleted version of ZmGCN5 defective in binding ZmADA2 is used in the transactivation experiments.
et al., 1999; Deckert and Struhl, 2001; Sheldon et al., 2001; Ricci et al., 2002) . GCN5 histone acetyltransferase has been implicated in transcriptional modulation in higher eukaryotes (Sterner and Berger, 2000) . Many transcriptional activators are thought to recruit the GCN5-ADA2 complex to effect gene activation (Swanson et al., 2003) . In plants, there is evidence for in vitro interactions between ZmGCN5 and ZmADA2 (maize) and AtGCN5 and AtADA2 (Arabidopsis). ZmO2 co-immunoprecipitates with ZmADA2 only in the presence of nuclear extracts (Bhat et al., 2003) , but AtADA2 interacts directly with an acidic transcriptional activator, AtCBF1 (Stockinger et al., 2001) . The caveats associated with the results from yeast 2-hybrid interactions and pull-down assays render essential confirmation of these interactions by in planta assays such as those presented here.
Microscopy-based methods such as FRET (Gadella et al., 1999; Miyawaki and Tsien, 2000) allow a sub-cellular resolution of the sites of interaction within the cell. Although there has been widespread interest in this approach, reports of successful FRET are still limited (Karpova et al., 2003) . In the present study we used FRET-based methods to directly dissect the interaction of nuclear co-activators GCN5 and ADA2 with a plant transcription factor. As a functional readout of these interactions we used the transactivation ability of ZmO2 to modulate b-32 promoter driven GUS activity in a robust and reliable transient overexpression system.
ZmGCN5 interacts with ZmADA2 in vivo
Recombinant ZmGCN5 is able to acetylate only free histones but not the histones within nucleosomes (Bhat et al., 2003) . The ability to acetylate nucleosomes is acquired when the acetylase is in the form of multi-protein complexes (Sterner and Berger, 2000) . Yeast GCN5 is linked to the SAGA and Ada complexes by its interaction with adaptor protein ADA2. In order to investigate the possible in vivo interactions between the ZmGCN5 and ZmADA2, FRET microscopy was used as a detection method. Co-transfection of protoplasts with ZmGCN5 fused to CFP and ZmADA2 fused to YFP, or vice versa, resulted in the tight co-localisation of both proteins inside the nucleus (Figure 2A-D) implying that any interaction between these two proteins presumably occurs inside the nucleus. SPIM has successfully been used to detect protein-protein interactions in living cells (Shah et al., 2001 (Shah et al., , 2002 Immink et al., 2002) . However, the method is sensitive for concentration effects and requires equal co-expression of donor and acceptor fusion proteins in a living cell. Although equal amounts of tagged proteins were used in the study, different cells will hardly ever express the same amount of protein (Berney and Danuser, 2003) . Secondly in plant cells there is a possibility of the absorption of the donor fluorescence by chlorophyll (Immink et al., 2002) and this can lead to false higher YFP/CFP ratios. In order to circumvent these errors we decided to use APB and FLIM as methods of establishing FRET between our putative interacting proteins. When the YFP fluorophore coupled to ZmADA2 was photobleached so as to make it unavailable for accepting energy from CFP, there was a reproducible increase in fluorescence emitted by the CFP fluorophore coupled to ZmGCN5 (Figure 3 and 4) , thus confirming the physical interaction between ZmGCN5 and the adaptor ZmADA2. Deletion of the ADA2 interaction domain in ZmGCN5 did not have any effect on the co-localisation of the two proteins and both were correctly targeted to the nucleus (Figure 2E-H) . However, the FRET efficiency between the two proteins dropped from 18.3 ± 6.8% (in wild type ZmGCN5 and ZmADA2 interaction) to )1.45 ± 4.88% (in the mutant ZmGCN5
4313-425 and ZmADA2 interaction) (Figure 4) . FLIM measurements confirmed the above results. The mean lifetime of the donor CFP (fused to ZmGCN5 or ZmADA2) was reduced from 2.5 ns when expressed alone, to 1.9-2.0 ns when expressed in presence of the acceptor YFP (fused to ZmADA2 or ZmGCN5, respectively) demonstrating the FRET between CFP and YFP ( Figure 5D ). However, there was no change in the CFP lifetime when FLIM measurements were done on protoplasts co-expressing mutant ZmGCN5 4313-425 and ZmADA2 fused to donor and acceptor. Spatially resolved FRET-FLIM analysis indicated that the interaction between ZmGCN5 and ZmADA2 is not uniform inside the nucleus, but displays strong and weak patches. As FRET is strongly a distance dependent phenomenon, this suggests that the interaction between ZmGCN5 and ZmADA2 is highly dynamic. It would be of interest to follow the changes in FRET signatures between these proteins at different developmental stages in intact tissues. This, in combination with high resolution microscopy, would perhaps allow the FRET-FLIM technique to be used for pinpointing sites of gene activation within the nucleus. Overall our results strongly suggest that ZmGCN5 interacts with ZmADA2 in planta, and that the interaction exclusively occurs inside the nucleus.
FRET identifies a specific interaction between ZmADA2 and the transcriptional activator ZmO2
The biological role of GCN5-containing complexes may be difficult to establish from gene knockout phenotypes, for example, if these are lethal, or if there is redundancy in functional copies of the coding sequence (Bhat et al., 2003) . In order to establish a role for GCN5 in maize, its interaction with an endosperm-specific plant transcriptional activator, Opaque-2, was investigated. Most previous reports indicated ADA2 rather than GCN5 to be the co-activator component that interacts directly with the activation domain of transcriptional activators (Barlev et al., 1995) .
GST spin-down experiments failed to show an interaction between ZmO2 and the adaptor ZmADA2 (Bhat et al., 2003) . Since ADA2 is part of a multi-protein complex in yeast (Grant et al., 1998) and probably in all higher eukaryotes, it is quite likely that an in vivo-constituted coactivator complex is required to stabilise this interaction. In order to address this possibility we endeavoured to test this interaction by in vivo FRET analysis. Co-transfection of protoplasts with ZmO2 and ZmADA2 fused to CFP and YFP, respectively (or vice versa) resulted in the localisation of both proteins inside the nucleus (Figure 2I-L) . Acceptor photobleaching confirmed the energy transfer between ZmADA2 and ZmO2 (Figure 4) . FLIM measurements on this interaction pair detected reduced lifetimes of $2.0 ns for the donor CFP (fused to either ZmADA2 or ZmO2) when expressed in combination with the acceptor YFP (fused to ZmO2 or ZmADA2). However, the life time reduction was generally less than that seen for the interaction between ZmGCN5 and ZmADA2 (data not shown). Since FRET is strongly a distance related phenomenon, the longer CFP life times for this interaction suggest that the molecular distance between ZmO2 and ZmADA2 is larger than that between ZmADA2 and ZmGCN5. A possible explanation for relatively low FRET efficiency between ZmADA2 and ZmO2 could be that since GCN5-based co-activator complexes are needed at several loci during a limited time-frame within the cell cycle, they may have short halflives.
Transactivation of b-32 promoter by ZmO2 is modulated in presence of ZmGCN5 and ZmADA2
FRET-based techniques allowed us to study the molecular interactions between the putative nuclear co-activators and a typical plant transcription factor in great detail. However, they did not reveal any information about the biological significance of these interactions. In order to address this important question, we exploited the transactivation ability of ZmO2 on b-32 promoter in tobacco protoplasts. It has previously been established that the tobacco mesophyll protoplasts lack the appropriate factors at concentrations which could substitute for the stimulatory effect of ZmO2 on the transcription of endosperm genes (Lohmer et al., 1991) . This presented us with a simple and robust assay in which the effect of ZmGCN5 and/or ZmADA2 on the transcriptional ability of ZmO2 could be assessed by simply following the changes in the reporter GUS fused to the downstream b-32 promoter.
Co-transfection of protoplasts with b-32 fused to GUS and 35S-ZmO2 stimulated the GUS activity strongly (Figure 6 ). Transactivation in presence of 35S-ZmADA2 along with 35S-ZmO2 did not increase the GUS activity further. However, GUS activity dropped significantly when 35S-ZmGCN5 was used in the transactivation assays in addition to 35S-ZmO2 and 35S-ZmADA2. This inhibitory effect of ZmGCN5 was not seen when the deletion mutant of ), defective in ZmADA2-binding, was used instead of the full length protein. Furthermore, in the background of this ''dominant negative'' ZmGCN5 deletion mutant, addition of full length 35S-ZmADA2 enhanced the transactivation of b-32-GUS by 35S-ZmO2 further. One way to rationalise these observations is that there might be a competition between ZmGCN5 and ZmO2 for binding to the amino terminal of ZmADA2. In the absence of ZmGCN5, overexpressed ZmADA2 may bind ZmO2 preferentially, resulting in higher GUS activity (endogenous GCN5 may compete as well and this cannot be ruled out). It may be reversed when full length overexpressed ZmGCN5 is present assuming the affinity of ZmADA2 for binding ZmGCN5 is greater than that for binding ZmO2. At present while we have evidence for the ZmO2/ZmADA2 and ZmGCN5/ZmADA2 interactions, we have no evidence that all three molecules are in the same complex. It is formally possible that the ZmADA2 molecules that interact with ZmO2 are a different population to those that interact with ZmGCN5.
On the contrary, however, it is quite possible that ZmGCN5 represses the transcription mediated by ZmO2 at the b-32 locus. In this context it would be of interest to generate a non-functional mutant of ZmGCN5 lacking the enzymatic HAT domain but with intact ZmADA2 binding. This would shed more light on the transcriptional modulation by GCN5-ADA2 based coactivator complexes. Experiments are underway to address this question. Furthermore we are also investigating the mutant versions of ZmO2 that abolish its interaction with the adaptor ZmADA2 and following the functional consequences of these deletions.
The acidic domain is the most widespread class of activation domain identified, and domain swapping experiments suggest its wide portability. Therefore, the results presented in this study may be taken as a paradigm for other processes of transcriptional modulation in planta involving acidic activation domains.
Materials and methods
Plasmids
The entire open reading frame of ZmGCN5 (AJ428540) was amplified with gene specific primers to remove the stop codon and cloned downstream of the 35S promoter into the NcoI site of pMON999-CFP or -YFP vectors (CFP, YFP; Shah et al., 2001) 4313-425 and ZmADA2 were cloned into the 35S-promoter driven pRT 104 vector (Topfer et al., 1988) . 35S-ZmO2 and b-32 GUS vectors have been previously described (Lohmer et al., 1991; Schmitz et al., 1997) .
Protoplast transfection
Cowpea (Vigna unguiculata) mesophyll protoplasts were isolated and transfected as described by Shah et al. (2001) .
Transactivation experiments in tobacco mesophyll protoplasts
The transient expression of the plasmids in tobacco protoplasts cv. Petit Havana SR1, was performed as described by Negrutiu et al. (1987) . The transactivation experiments and the GUS activities were essentially measured as described before (Lohmer et al., 1991; Schmitz et al. 1997) .
Co-localisation studies using confocal microscopy Detailed analysis of intracellular fluorescence was performed by confocal laser scanning microscopy using a Zeiss LSM 510 microscopy system (CarlZeiss) based on an Axiovert inverted microscope equipped with an Argon ion laser as an excitation source. CFP-and YFP-tagged proteins, expressed in protoplasts, were excited by the 458 nm and the 514 nm laser lines sequentially. CFP fluorescence was selectively detected by an HFT 458 dichroic mirror and BP 470-500 band pass emission filter while YFP fluorescence was selectively detected by using an HFT 514 dichroic mirror and BP 535-590 band pass emission filter. In both cases the chlorophyll autofluorescence was filtered out and detected in another channel using a LP650 long pass filter. A 25 x Plan-Neofluar water immersable objective lens (N.A 0.8) was used for scanning protoplasts. In order to avoid cross-talk between CFP and YFP, images were acquired in the multichannel tracking mode and analysed with Zeiss LSM510 software.
Acceptor photobleaching (FRET-APB)
Acceptor photobleaching experiments were performed essentially as described by Kenworthy et al. (2001) and modified by Karpova et al. (2003) . Cells were bleached in the acceptor YFP channel by scanning a region of interest (ROI) around the nucleus using 5-20 times 514 nm argon laser line at 100% intensity. The bleach time ranged from 5 to 10 sec depending on size of the ROI. Before and after the acceptor bleaching, the CFP intensity images were collected to assess the changes in the donor fluorescence.
FRET efficiency (E F ) was calculated using the following formula E F = (I 5 -I 4 ) · 100/I 5 , where I 5 is the CFP intensity after the photobleaching of YFP and I 4 is the intensity just before the photobleaching. This formula thus yields the increase in CFP fluorescence following a YFP bleach normalised by CFP fluorescence after the bleach (Karpova et al., 2003) . In order to monitor the changes in the levels of CFP fluorescence before the bleaching process, background FRET efficiency (B F ) was calculated using the following formula B F = (I 4 )I 3 ) · 100/I 4 , where I 3 and I 4 refer to the CFP intensity at time points 3 and 4 preceding the bleaching. In all cases the background was insignificantly low and the background subtractions were not performed. FRET-FLIM was performed using a Biorad Radiance 2100 MP system in combination with a Nikon TE 300 inverted microscope. 860 nm two photon excitation (TPE) was used to excite CFP. TPE pulses were generated by a Ti:Sapphire laser (Coherent Mira) that was pumped by a 5 W Coherent Verdi laser. Pulse trains of 76 MHz (150 fs pulse duration, 860 nm center wavelength) were produced. The excitation light was directly coupled into the microscope and focused into the sample using a CFI Plan Apochromat 60 x water immersion objective lens (N.A. 1.2). Fluorescent light was detected using the non-descanned single photon counting detection. For the FLIM experiment the Hamamatsu R3809U MCP PMT was used (time resolution 50 ps). CFP emission was selected using a 480DF30 nm band-pass filter. Images with a frame size of 64 Â 64 pixels were acquired using the Becker and Hickl SPC 830 module . The average count rate was 2 · 10 4 photons/s, for an acquisition time of 90 sec. From the intensity images, complete fluorescence lifetime decays were calculated per pixel and fitted using a double exponential decay model. The lifetime of one component was fixed to the value found for ZmADA2-CFP (2.5 ns).
